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Subpeaks in the Brillouin loss spectra of distributed fiber-optic sensors were observed for what is believed to
be the first time and studied. We discovered that the Fourier spectrum of the pulsed signal and the off-
resonance oscillation both contributed to subpeaks. The off-resonance oscillation at frequency un−nBu is the
oscillation in the Brillouin time domain when beat frequency n of the two counterpropagating laser beams
does not match local Brillouin frequency nB. This study is important in differentiating the subpeaks from
actual strain–temperature peaks. © 2005 Optical Society of America
OCIS codes: 060.2370, 290.5830, 290.5900, 190.5890, 060.2310.Pump (cw)–probe (pulsed) Brillouin-based fiber-optic
sensors have been extensively studied over the past
few decades because of their enhanced sensitivity for
strain and temperature measurements.1 Although a
single Brillouin peak is usually observed under uni-
form strain–temperature conditions, multipeak spec-
tra have also been observed2 and associated with the
cross-talk effect in nonuniformly strained fibers.3
These multipeak Brillouin spectra contain mixed
strain–temperature information. Recently another
type of peak, referred to here as a subpeak, has been
observed experimentally in the Brillouin spectra of
even uniformly strained fibers for short pulses (dura-
tion 2–3 ns), as shown in Fig. 1(a).4 It is important to
study the origins and properties of these subpeaks to
distinguish them from the peaks that resulted from
the strain–temperature variations along a fiber. This
is especially crucial in field tests of structural health
monitoring, since misinterpretation of subpeak infor-
mation may cause false warning signals. In this Let-
ter we use stimulated Brillouin scattering transient
coupled-wave equations to study the properties of the
subpeaks that will help us to improve our measure-
ment accuracy at centimeter spatial resolution and
increase the system capability in structural health
monitoring applications, where small stress spots can
be detected by subtraction of an initial reference pro-
file, since the subpeaks are not functions of strain–
temperature and the dc level (the background of the
pulsed probe).
We have found two mechanisms for the subpeaks:
(1) the Fourier spectrum of the pulsed probe, (2) the
periodic damping oscillation (off-resonance oscilla-
tion at frequency un−nBu) of the cw pump intensity
when beat frequency n does not match the local Bril-
louin frequency nB of the sensing fiber.
The simulation of the distributed Brillouin sensor
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where Ep, Es, and Q¯ are the amplitudes of the cw
pump, the pulsed probe (Stokes), and the acoustic
fields, respectively; gB s5310−14 m/mWd is the gain
factor; and G=G1+ iG2, where G1=1/ s2td (t=10 ns is
the phonon lifetime for silica fibers) is the damping
rate and G2=v−vB is the detuning frequency. To
solve these equations we applied a numerical method
introduced by Chu et al.5 The boundary condition for
Es at spatial position z=0 is the output optical field of
a Mach–Zehnder electro-optic modulator (EOM).
This output field, in general, can be written as
Esstd = ˛Iinhcos u expfifstdg
+ sin u expf− ifstdgj, s2d
where Iin=A1
2+A2
2 /2 is the input probe intensity
into the EOM (A1 and A2 are the optical amplitudes
in the two modulation arms of the EOM, respec-
tively), and u=arctansA2 /A1d. We assume that u
P f0,p /4g; fstd=f0+fmax3 fst , t0 ,tpd, where fmax is
the maximum tunable phase difference induced by
the applied voltage; f0 is the bias point of modula-
tion, and fst , t0 ,tpd=exph−ln 2f2st− t0d /tpgmj is an
mth-order Gaussian pulse of width tp centered at t0.
In our case, u<p /4, fmax=p /4, and f0=p /2+Df /2
with DfP f0,p /2g. Thus the extinction ratio of the
EOM can be given by Rx=10 log10fsIoutdmax/ sIoutdming
=10 log10fs1+sin Dfd / s1−cos Dfdg.
Figure 1(a) shows experimentally that uniform
stress has no effect on the subpeak positions. Figure
1(b) shows the calculated Brillouin spectrum for
6400 me, which matches that in Fig. 1(a) well. The
change of nB merely results in a shift of the main
Brillouin peak, so only one theoretical strain is calcu-
lated. In all simulations we use single-mode fibers
with n=1.470 and nB=12 795 MHz as the refer-
ence Brillouin frequency of loose fibers at room
temperature.
Considering that the spectrum of the acoustic field
is similar to that of the pump field, Eq. (1c) indicates
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profile gBsnd and the Fourier spectrum of the pulsed
probe, which brings subpeaks into the corresponding
Brillouin spectrum. The subpeak position is indepen-
dent of fiber length. Figures 2(a) and 2(b) show the
experimental and calculated Brillouin spectra, re-
spectively, at the center of a 2-m fiber for Rx=20 dB.
The subpeaks have the same positions for Figs. 2(a)
and 2(b). Furthermore, as the order of a super-
Gaussian pulse decreases when its FWHM is fixed,
the subpeaks move to the main peak and their
heights decline. At any given time t the subpeak po-
sition does not shift except for t0, t, t0+tp /2 and t0
+2Ln /c−tp /2, t, t0+2Ln /c. In either case, not all of
the pulse is in the fiber, so the Fourier components
are farther from the main Brillouin peak than those
at time t0+tp /2, t, t0+2 Ln /c−tp /2.
The cw pump and pulsed probe beams interact via
an induced phonon field with the same frequency as
the beat frequency of the two lasers. Thus the phonon
field at any position behaves similar to the loss signal
of the cw pump at the same position. That is, the
spectra of the phonon field at z=0 also have subpeaks
at the same positions as those of their counterparts
in the Brillouin spectra since the cw pump is detected
at z=0. Equation (1c) leads directly to a solution of
this phonon field Q¯ at z=0 (assuming the initial pho-
Fig. 1. (a) Experimental Brillouin spectra for a 2-ns pulse
and different uniform strains. (b) Calculated Brillouin
spectrum for a 2-ns pulse and 6400-me uniform strain. The
Brillouin frequencies are translated to zero for comparison.
Fig. 2. (a) Experimental Brillouin spectrum at the center
of a 2-m fiber for a 10-ns pulse; the flat top is due to the
electrical chop off. (b) Calculated Brillouin spectrum with





where C= s1/2dG1gBˆ exps−Gtd. Since fst , t0 ,tpd=0
when ut− t0u@tp /2, Eq. (2) can be approximated to
yield Ess0, td as
Esstd < Edc + ES0fst,t0,tpd, s4d
where Edc and ES0 are the field amplitudes of the dc
and pulse components of the pulsed probe field. The
acoustic intensity can be obtained from Eq. (3) with
Eq. (4):












Although the first and third terms in Eq. (5) involve
dc–pump and pulse–pump interactions, respectively,
the second term represents a cross term of the two in-
teractions. The roles of these three terms are shown
in Table 1.
When nÞnB, all three terms oscillate at frequency
un−nBu, hereafter called the off-resonance oscillation.
These off-resonance oscillations in the time domain
cause subpeaks in the Brillouin spectra as evidenced
in Fig. 3. The subpeak at 12 585 MHz in the Brillouin
spectrum at t=21 ns (in the inset of Fig. 3) evidently




A st0 , t0+tp /2d B st0+tp /2 , t0+2Ln /cd
With dc Terms 1, 2, 3 Term 1
With no dc Term 3 None
Fig. 3. Time domains of the cw pump for seven beat fre-
quencies within the neighborhood of 12 585 MHz. Inset,
Brillouin spectrum at t=21 ns (or z=0.61 m since t0
=15 ns for a 1-m fiber).
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for n=12 585 MHz at 21 ns. The subpeak at n
=12 585 MHz is chosen to be far enough from nB to
produce more than one period of oscillation in region
B so that the oscillation frequency can be identified.
The subpeaks have the following features: (1) Rx
and tp have no effect on the number and positions of
the subpeaks except when the Brillouin spectra are
taken too close to region A. In that case subpeak po-
sitions may be affected by tp because of the edge ef-
fect of the pulse. (2) The subpeak height relative to
Fig. 4. Competition between the Fourier peaks and the
side peaks caused by off-resonance oscillation. Positions of
the first two side peaks caused by Fourier transformation
are indicated.
Fig. 5. (a) Brillouin spectra at the fiber center when the
fiber is loose with nB=12 795 MHz and when it has a
3-cm strained region with nB=12 845 MHz. (b) Spectrum
obtained by subtracting the spectrum in the loose case from
that in the strained case.the main Brillouin peak increases with Rx and tp.(3) As L increases, more subpeaks appear in the
Brillouin spectrum with decreased relative height.
The subpeaks from the Fourier spectrum of the
probe beam and the off-resonance oscillation of the
pump compete with each other especially for tp
ø3 ns when both contributions can be observed. The
Brillouin spectrum at the center of a 2-m fiber with
t0=30 ns, tp=5 ns, and Rx=15 dB is shown in Fig. 4.
The combined effect is clear: small peaks due to the
off-resonance oscillations on the top of the bigger sub-
peaks caused by the Fourier transform of the 5-ns
pulse.
In structural health monitoring it is important
to distinguish the subpeaks from the strain–
temperature peaks. Fortunately, for long fibers
s.4 md the subpeaks are buried in noise because the
increase of the main peak height is much faster than
that of the subpeaks. For short fibers, subpeaks are
much more substantial. However, since subpeaks are
not related to strain–temperature, we can get a ref-
erence Brillouin spectrum at a uniform stress–
temperature section and subtract it from the
stressed–temperatured Brillouin spectrum to remove
the subpeaks. Figure 5(a) shows two normalized Bril-
louin spectra at the center of a 1-m fiber, tp=1 ns and
Rx=20 dB. The dotted curve represents the loose fi-
ber with nB=12 795 MHz. The solid curve is the spec-
trum at the center of the 3-cm uniformly strained re-
gion with nB=12 845 MHz. Figure 5(b) is the
subtraction of the two curves in Fig. 5(a). The peak at
12 845 MHz representing the strain in the 3-cm fiber
resulted from the interaction between the pulse and
the cw pump. Obviously the subpeak effect has been
reduced significantly through reference Brillouin
spectrum subtraction.
In conclusion, subpeaks are caused not by the
strain–temperature change in the fiber but by the
Fourier spectrum of the pulsed probe and the off-
resonance oscillation at frequency un−nBu in the Bril-
louin time domain.
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